The antibacterial drug Nitroakridin 3582 inhibited the growth of selected grampositive bacteria more strongly than it inhibited the growth of gram-negative bacilli. Nitroakridin at concentrations of the order of 5 x 10-6 M induced lysis of Bacillus licheniformis and Micrococcus lysodeikticus. At concentrations less than 10-4 M, Nitroakridin 3582 reduced the exponential growth rate of Escherichia coli C-2; at 10-4 M the drug was bacteriostatic, and, at concentrations greater than 10-4
The investigation reported here was undertaken to contribute to the knowledge of a particular antibacterial nitroacridine, Nitroakridin 3582 (NA), and to determine its mode of action. Aminoacridines are known to inhibit the assemblage and replication of bacterial viruses (10, 11) , to act as frameshift mutagens in such viruses (6, 23) or as antimutagens in bacteria (28), to eliminate episomes and R-factors from bacteria (17, 32) , to bind specifically to deoxyribonucleic acid (DNA) (19, 24) , and to be useful clinically as topical antibacterial drugs. However, not many studies on nitroacridines have been reported, despite early observations of Albert and his associates (1, 2) that nitroacridines exceeded other substituted acridines in antibacterial potency.
NA is [1 -diethylamino-3 -(2, 3-dimethoxy-6-nitro-9-acridinyl) amino]propanol (Fig. 1) . It is 1 of 87 amino-nitroacridines synthesized more than 40 years ago (27) in the hope of obtaining effective trypanocides. NA has antitrypanosomal activity (27) , but it also suppresses streptococcal (26) and other bacterial infections (1, 26, 27) . NA is useful as a veterinary drug (1) , and it is I This investigation was carried out in partial fulfillment of the requirements for graduation as a Ph.D. at the University of Maryland. effective against rickettsial infections in mice and in embryonated eggs (12, 30) . NA inhibits the proliferation of influenza B virus (13, 25) , but it is without influence on the multiplication of influenza A virus (18) . NA suppresses infections with the organisms of the lymphogranuloma and psittacosis groups in chick embryos and in mice (8, 14, 18) , but it is ineffective against certain neurotropic viruses. Conversely, another acridine, substituting a nitro group in position 7 and carrying the same side chain as quinacrine, is effective against neurotropic viruses but inactive against organisms of the psittacosis group (14, 18) . Low concentrations of Nitroakridin 3663 were reported to inhibit both phage assemblage at low concentrations and phage-DNA synthesis at higher concentrations. The phage assemblage to which Denes and Polgar refer (7) was the union of DNA and protein, not of head and tail.
Generally, antimicrobial acridines, at low concentrations, induce bacteriostasis and the formation of long bacterial filaments; at higher concentrations they block DNA biosynthesis and are bactericidal. This has been shown for proflavine in Bacillus lactis aerogenes (Enterobacter aerogenes) (4) and for quinacrine in Escherichia coli (21, 5) . Proflavine also interferes with protein biosynthesis, apparently by inhibiting transcrip-tion of messenger ribonucleic acid (RNA) (33) or, in a gram-positive thermophile, by inducing degradation of messenger RNA (15) . Quinacrine at bacteriostatic concentrations partly inhibits biosynthesis of both DNA and protein, but does not influence RNA biosynthesis. Conversely, quinacrine at bactericidal concentrations blocks DNA biosynthesis and affects biosynthesis of both protein and RNA (5) . At the outset of our investigation of NA, the only clue to its mode of action was the observation that NA inhibits the induced synthesis of s-galactosidase in E. coli (16) .
We found that NA exhibited antibacterial effects typical of substituted acridines. It inhibited the growth of a variety of bacteria, induced bacteriostasis and the formation of long filaments at low concentrations, and was bactericidal at higher concentrations. Partial inhibition of growth of E. coli correlated with inhibition of DNA biosynthesis, and lesser inhibitions of protein and RNA biosyntheses correlated with each other. These correlations suggest an effect of NA on transcription of messenger RNA. Minimal inhibitory concentrations of NA were determined in standard serial dilution assays by inoculating 5-ml portions of either Brain Heart Infusion Broth or Trypticase Soy Broth (containing twofold graded concentrations of NA) with small inocula, incubating overnight, and observing whether cultural growth occurred.
Reductions in the exponential growth rates of bacterial cultures were determined by inoculating liquid media with freshly grown bacteria to initial turbidities of 0.020 measured in a Beckman DU spectrophotometer at 580 nm, incubating these cultures at 37 C with vigorous shaking until a turbidity of 0.125 was attained, adding NA to the desired concentrations, and measuring turbidities periodically while continuing the incubation. Viability was determined by serial dilution plate counting of portions of such cultures grown in Brain Heart Infusion Agar and incubated for 48 hr.
Experiments on the incorporation of thymidine, uracil, or isoleucine into bacterial DNA, RNA, or protein were carried out in cultures of E. coli C-2 growing exponentially at 37 C with vigorous shaking in a glucose-salts medium supplemented with 20 Ag/ml of Lphenylalanine. When the turbidity value reached 0.125 (approximately 2 x 108 cells/ml) measured at 420 nm, the cultures were divided into 15-ml were added the desired quantities of NA and 2 umoles (specific activity, 0.13 uCi/,umole) of the respective labeled compounds. Incubation was resumed, and 1-ml samples of cultures were withdrawn at intervals and combined with I ml of cold 10% trichloroacetic acid.
Samples containing "4C-thymidine or "4C-uracil were kept at 4 C for I hr; samples containing "4C-isoleucine were heated at 70 C for 30 min. All samples then were filtered through membrane filters (type HA, pore size 0.45 um, Millipore Corp., Bedford, Mass.). The filters were washed free of nonincorporated radioactive compounds with 5% cold trichloroacetic acid; the com- Antibacterial effects of NA. Selected strains of bacteria were screened for their sensitivity to NA by serial dilution assays either in Trypticase Soy Broth or in Brain Heart Infusion Broth (Tables I  and 2 ). Generally, gram-positive organisms were more sensitive to inhibition by NA than were gram-negative bacteria. At the highest concentrations of NA tested, the growth of Proteus aments, as observed with other antibacterial acridines (4, 5) . This probably results from suppression of DNA biosynthesis. The filaments formed by E. coli C-2, exposed overnight to a partially growth-inhibiting concentration of NA, are illustrated in Fig. 3 . Similar observations were made with Enterobacter aerogenes, Serratia marcescens, Shigella sonnei, and P. mirabilis.
At concentrations above 10-4 M, NA was bactericidal for E. coli C-2 (Fig. 4) . NA at 10-4 M was bacteriostatic, and at lower concentration it reduced the rates of replication of the test organism. In this type of experiment, the bacteria were grown in a synthetic medium (9) supplemented with 20 gg of phenylalanine per ml.
Strain C-2 of E. coli is a phenylalanine auxotroph. Use of this test strain allowed testing for a bactericidal effect of NA in phenylalanine-free bacterial suspensions. In such suspensions, E. coli C-2 will fail to synthesize not only protein, but also RNA, the biosynthesis of which is under stringent amino acid regulation in this organism.
NA killed E. coli C-2 both in absence and in presence of protein and RNA synthesis. NA at 3 X 10-4 M produced a marked decline in the number of viable bacteria in complete medium; the decline was even greater for the organisms in mineral-glucose medium without phenylalanine (Fig. 5) . A slight decline in viability was observed as a result of phenylalanine starvation alone, beginning after approximately one doubling time of the control culture growing normally in complete medium. Evidently, suppression of protein and RNA synthesis did not protect the bacteria from the lethal action of NA, but rather appeared to enhance it. Therefore, the bactericidal effect of NA is not one of inducing or tolerating some form of lethal biosynthesis.
Effects of NA on biosyntheses of proteins and nucleic adds. It was found in one of our laboratories (16) that NA at the bacteriostatic concentration of 1.16 x 10-4 M inhibits the synthesis of induced enzymes in E. coli. This could result from an inhibition of the formation of messenger RNA or from a direct effect on protein biosynthesis. In E. coli, a substituted 9-aminoacridine, quinacrine, inhibits DNA synthesis strongly, inhibits protein synthesis partly, and inhibits RNA (5) . It was logical to expect that the antibacterial effects of NA reported above resulted from an interference with one or several processes by which the vitally necessary polymers of bacteria are synthesized. To test this hypothesis, the effect of NA on DNA, RNA, and protein biosynthesis was determined in E. coli C-2 by measuring the time courses of incorporation of "4C-thymidine, "4C-uracil, and 14C-isoleucine into the polymers of exponentially replicating cells of this bacterium in the presence or absence of NA. Although it appeared logical to employ 14C-phenylalanine to measure the course of protein biosynthesis in this phenylalanine auxotroph, this was not done to avoid isotopic dilution of this amino acid by the 20 ,g of 12C-phenylalanine per ml which supplements the experimental growth medium. Figure 6 shows the time course of incorporation of 14C-thymidine into exponentially growing E. coli C-2 at graded concentrations of NA. Concentrations of NA which inhibited growth partially also inhibited incorporation partially; at the bacteriostatic concentration of 10-4 M NA, radiothymidine was incorporated at a rate 10% that of the control, and no progressive incorporation was observed at the bacterial concentration of 2 x 10-4 M NA. Hence, NA acted as a strong inhibitor of DNA biosynthesis in the test bacterium. Figure 7 illustrates the effect of NA on the bacterial incorporation of "4C-uracil. Partially growth-inhibiting concentrations of NA did not strongly affect uracil incorporation. At the bacteriostatic concentration, uracil incorporation was inhibited 83%; at the bactericidal concentration of 2 x 10-4 M, no uracil was incorporated. Clearly, NA had less effect on RNA biosynthesis than on DNA biosynthesis. Figure 8 shows the action of NA on the incorporation of 14C-isoleucine into E. coli C-2. The results closely resemble those observed for the incorporation of radiouracil. At the bacteriostatic concentration, NA inhibited the incorporation by 77%; no isoleucine incorporation was detected at bactericidal concentrations of NA.
The numerical results indicating partial inhibitions of biosyntheses (Fig. 6-8 ) and those showing reductions in the rate of bacterial proliferation (Fig. 4) A bactericidal concentration of NA (2 x 10-4 M) inhibited DNA biosynthesis entirely. However, increasing this concentration by a factor of only two produced a further increase in the rate of killing of E. coli C-2 (Fig. 4) . Similar observations were made with quinacrine. DNA biosynthesis cannot be inhibited by more than 100%. Thus, increases in the rates of killing of bacterial cultures at NA concentrations greater than that which inhibits DNA biosynthesis completely suggest that the accelerated bactericidal effect does not result solely from the cessation of DNA biosynthesis.
In certain instances, inhibition or nonoccurrence of DNA biosynthesis is lethal to bacteria. Logically, irreversible inhibition of DNA synthiesis through covalent cross-linking of the double helix by reduced mitomycin C (20) is bactericidal, as such DNA is permanently incapacitated to undergo the strand separation prerequisite to chromosomal DNA replication. The nonoccurrence of DNA synthesis in thyminedeprived E. coli 1ST-results in "thymineless death" (3) unless all individual acts of DNA replication go to completion before thymine is withdrawn (22) ; the underlying mechanism remains hypothetical.
However, the present findings, together with the analogous observations with quinacrine of an "overkill" by antibacterial acridines at concentrations greater than those which block DNA biosynthesis and the additional observation that the nonoccurrence of RNA and protein biosyntheses did not protect bacteria from this lethal effect, suggest that such acridines do not act merely as metabolic poisons which induce unbalanced growth and bacterial death. A different explanation of the lethal effect of acridines must be sought.
Our present observations do not offer this explanation. As acridines bind to double-helical DNA by intercalation and also bind to the "cell envelope" (31), they may alter either the secondary structure of DNA or the association of DNA with a membrane site of DNA replication in a manner that renders these structural changes irreversible and, therefore, lethal. Hence, the observed inhibition of bacterial DNA biosynthesis in the presence of NA may be regarded not as the cause of the lethality of the drug, but rather as a biochemical indicator of some direct effect, with bactericidal consequences, on the structure of DNA or on the state of cellular integration.
